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Reference X.R. 460/23.

1 * SUI,ARY.

4 The use of the fuels liquid anmonia, hydrazine hydrate
and anhydrous hydrazine in the field of rocket propulsion
has been assessed. It is concluded that liquid amnonia is
not promising except possibly in small motors where its high
vapour pressure may not be too severe a disadvantage. More
data on the system Hydrazine/water, in which the concentration
of water is less than in hydrazine hydrate, are desirable,
and other methods of lowering the freezing point of anhydrous
hydrazine should be investigated. If chlorine trifluoride is
developed as an oxidant it will probably be essential to have
hydrazine or hydrazine/water as the fuel.

2. INTRODUCTION.

A large amount of attention has been paid to methods of
obtaining higher performances than are possible with the
normal oxidants and fuels such as hydrocarbons or alcohols.
Thus with HN03 or 85% H.T.P. and kerosine at a combustion
pressure of 20 ots. a Specific Impulse of about 220 secs. is
theoretically possible and, with liquid oxygen and kerosine,
one of about 240 secs. A higher performance can be obtained,

a) by increasing the combustion pressure

b) by using oxidants such as liquid fluorine or
chlorine trifluoride

c) by using fuels such as hydrazinc, certain hydrides
of light clcmcnts such as B 2H6, and liquid hydrogen.

Methods b) and c) nrc not independent since the usc of the
fluorine group of oxidants probably requircsfuels which contain
no carbon in order to avoid the formation of the very stable
CF4 . Wc have therefore critically examined the merits of
hydrazinc, hydrazinc hydrate and liquid amonia as fuels both
with the three normal oxidants and with chlorine trifluorido,
a typical representative of the fluorine group.

3. AVAILABILITY & PRICE.

Ammonia.

Although the annual production in Great Britain is of the
order of 400,000 tons per annum, it is insufficient to meet all
requirements and any substantial new demand would probably
require new plant. The current market price is about £27 per
ton in bulk.

Hydrazine Hydrate.

There is at present no large-scale production in Great
Britain, but it has recently been reported (1) that the firm
of Chemicals and Biologicals Ltd., has been running a pilot
plant for more than a year; and this firm claims to have made
significant improvements in the Raschig process.

In Germany, by the end of World War II, there were two
main factories producing hydrazine hydrate. The first, at
Leverkusen, cont,aincd a pilot plant with a rated copncity of 50

/tons
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tons per month. Thc second, at GersthofLn, hod beun planned
to contain four sepnritc 100 ton per month units. Of thuse,
however, only one was built and working (-nd owing to supply
difficulties it never exceeded 50 tons per month production);
n second was very nearly complete. The GLrsthofLn plant has
recently been brought to Great Britain. It is understood
that a pnrt of it, capable of 30-35 tons per month production,
is to be transferred to Chemicals nnd Biologicals Ltd., Dnd
thft a similar portion LmakF. bc set up a)t R.O.F. Bridgwater,
the rest remaining in store. Hence a total production of 6(
tons pcr month should eventually bc available in Britain, with
at reserve capacity which would bring the total to 1C0-200 tons
per month.

Both the Genan pl.nts usud a modification of the Reschig
process, in which sodium hypochlorite interacts with "-iuonir
in oqueous solution .ccording to the equations :-

Nn OC1 . + NH3  NIOH + NH2 Cl (i)

NH2 Cl + NH3  HC1 + N2H4 (ii)

2 NH 2 C' + 1 2 H1 4  = 2 NH4C + N2  (iii)

(iii) being a side-reaction which reduces the yield, and which
is suppressed to some extent by the addition of glue as an
anticatalyst. In the Genian plants this reaction took place at
about 160'C. under 30 atmospheres pressure, the reaction time
being a matter of seconds. The hydrazine hydrate, which was
forined in dilute solution, was concentrated and separated from
sodium chloride and aiznonia in a series of evaporations and
rLctifications; the final product was of 80 to 95 per cent
strength as N2 H6 0.

The materialsrequired for this process are ammonia and
electrolytic chlorine. (The latter could be recovered, if
needed, from the sodium chloride produced, though at Gersthofen
this was not done. A tenfold excess of amionia was used,
with continuous recycling). Besides the electrical unergy
needed for production of chlorine, a large amount of steam was
consumed for heating purposes. 200-250 Kg. of steam (part of
it superheated) was used up for every kilogrnm of hydrazinc
hydrate produced (2).

The price of hydrazine hydrate was R.M. 4 per Kg. This
may be compared with R.M. 1.9 per Kg., the price of 80 per cent
H2 02 . If the ratio of costs under British conditions of manu-
facture is about the same as for German, this would correspond
to a price of 4s. per lb. for hydrozinc hydrate made in Britain;
but this is a very rough estimate.

The WLstcrn Cartridge Co. in thL U.S. is currently pro-
ducing hydr;zinc hydr,tt -t 7 market price of 50 cents per pound.

A process which resembles the Raschig process to somc extent
is the oxidation of urLo v,ith sodium hypochloritc in the presence
of excess alkali, the overall reaction being :-

CON2H4  + 2 N,OH + NaOClW. = N12 CO3  + N-Ca + N2 H4 + H2 0.

According to some authorities the ur n and alkali simply
act ais n source of iazionin, which then rc:icts exactly as in the

/R- schig
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Roschig synthesis. The urc- process wAs work 1n Gcrra:ny
tow-rds the end of the war by I.G. Ludwigshnfen in n plant
of 15 tons per month cipocity, to supplement the production
in their high temperoture nriwoni-hypochloritc plant it
Leverkusen. It is also used by ot least one Amcricnn firTj
at the present day.

No nltcrnntive method of prepnrotion of hydrazinc hydrotc
is at present availablc in Britain. Two possibilities should,
however, bc mentioned ;-

(i) Academic rcsearch work by Dr. Ross Pt 11cGill University,
Cnnada, indicates that a process involving the inter-
action of hydrocyanic ncid, potassium bisulphite and
nitrous acid would give good yields by a sfe process.
The economic prncticability is, however, very doubtful,
and there has bcen no development beyond the lnborstory
stage (3).

(ii) If anhydrous hydrnzine con be produced by any method
which does not proceed via the hydrate (see below), then
of course the hydrate, or a hydrazine-rich mixture,
could be mde simply by mixing with water.

There ore a number of other processes by which
hydrozine has been synthesised in the laboratory.
These include, for instance, reduction of nitrous
oxide, hyponitrites, or potassium nitrososulphite;
decomposition of aminogunnidine; hydrolysis of bis-dinzo
acetic acid; and nlso n cyclic process due to Aston
(et.al.) (6), in which mcthyl isopropyl ketone reacts
with ethyl nitrite, and the resulting complex is
reduced with forTation of hydr.zine nnd regeneration
of the ketone. None of these methods, howevcr, hns
so far bcn shown to bc comrmrcirlly prncticablo.

It should be added thnt some 45 tons of hydrozine hydrate
of Germnn origin is in store in Brit-in in the ch-rge of -,.D.
Atom. P. (X), Ministry of Supply.

Hydrozine.

There has as yet been*little cormiercinl manufncture of the
onhydious materinl. The processes which nrc open to consideration
at the moment -rc the following :-

(i) Dehydration of hydrnzinc hydrnte.

This may be carried out with caustic alknli, quick-
lime or baryto. The method is probably suitable for
laboratory scale work, but for plant-scale work
it has considerable disndvntgs. In the first
plnce the process is long and cumbrous, in the second
it is not yet certaini that it can be opernted under
safe conditions. These disadvontages should not be
so formidable if only a partial dehydration were
desired. In this case the procedure might be
facilitated by manking use of a recent discovery of
4udrieth and his collaborators (4), that above 600 C.
certain mixtures of N2 H4 °H2 0 and NaOH separate into
two liquid phases, the fess dense of which contains

/most
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lAost of the hvdr-zine -)nd lcost of the alkali
(see Apj endix II, Table VITd).

(ii) Anmonolygis of Hydrrzine Sul-phate.

Since the salt N 2H4 .HbOaL is nearly insoluble in
water, it cnn easily be separnted -it an early stage
of the Raschig process. it has been shewn, on -
lnboratory scale, that hydrnzine is obtained by re-
action of this slIt either with gaseous ammonia at
15C0 C. or with anhydrous liquid ammonia nt low
temperatures; in the latter ccse the solid reaction
product (an nmnronioted armnonium sulphate) is insolublc
in the liquid NH 3. A method is thus made available
which avoids not only the difficult dehydrotion of
hydrazine hydrate but also the rectification needed
to produce the pure hydrate. The separation of
hydrozine and ommonia is easy, as they form no com-
pound and have widely different vnpour pressures.

The process using liquid onrionia has been developed
to a pilot plant stage hry the Mathieson Chemical
Corporation in America. It is understood that 3,00
lbs. per month of hydrozinc -re being produced at 5
dollars pur pound.

(iii) Synthesis from the Glements or from aiinonia.

Vorious a,uthors have reported the form,ation of traces
of hydr,zinc when eithtr ariinonia-i gs, or mixture of
nitrogen ,nd hydrogen, is subjcctcd to clcctrica.l dis-
ch,rg, or to the rction of ultraviolct. A rLvicw of
the literature, together with - statistical-mechanical
calculaItion of equilibrium constants of possible rc-
actions, w1s ii,dc by A.3. Pa-rts in 1945. Parts con-
cluocd that the yields from either process were likcly
to bc too smill to bc of prncticcl usu; though the
oxidn,tion of ar±m:onic to hydrazinc \with Lithcr oxygen
or nitric oxide woulu be possible if selective catalysts
could bc found.(5). Parts' calculntcd equilibrium
constants for the synthesis N2 + 2H2 -- 4 N 2H4 a)rc
in quite good igrcei,nt with those recently published
by Scott nnd his colloborators.(32). The value of Kp
is about 10-19 at 7000 C. and ibout 10-15 at 1500oC.

Recently, however, the Batelle Memorial Institute
in the United States has claimed the discovery of a
process in which gaseous amrmonin is passed through n
corona discharge; a small quantity of hydrazinc is
produced, which is separated by refrigeration; the
anntonio is then recycled. The yield of hydrazinc is
said to be sufficient to justify some confidence in
the commercial practicability of the process. It is,
however, at the moment in a very early stage of develop-
ment. It is understood that the Botelle Memorial
Institute hope to have n small pilot plant in operation
by about the end of 195U, which should produce a few
pounds of hydrazine per day at a cost of 20 to 30 cents
per lb.

Research on the oxidation of amiaonia to hydrazinc
is also being carried out in Aierica but so far no report
has been received of -ny process which offers com,crci-l
prospects. /4.
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4. PERFOMi:ANCE.

In this section the necessary data on Specific Impulse,

combustion temperature and physical properties, in so far
as they influence operational use and cooling of motors, will
be reviewed. For comparison purposes the propellant system
HN0 3 /n-decane, will be taken as the norm.
The necessary performance data for HN03 with the fuels n-dccane
N2 H4 . H20, N2H4 and liq. NH 3 arc givcn in Table I and in
•Figs. I & III. It is clear from these figures that anhydrous
hydrozinc, N2 H4 , is superior to the other fuels, both on a
weight and on a volume basis. In order to show that this
result is general, the performance figures for Chlorine Tri-
fluoride with NOH4 , liq..NH 3 and N 2 H .H2 0 are given in Table II
and in Figures II and IV, aInd some tigures for liquid oxygen
(Ref.7) are given in Table III. In particular, the perform-
ance of the propellant, ClF3 /N 2H4, on a volume basis, is
definitely better than that of any of the systems based on
liq.02 (Table III) or HN3O We shall therefore discuss the
physical properties of hygrzine a little more fully.

Anhydrous Hydrn zine.

The first point to note is that the combustion temperatures
with this fuel and the oxidants liq.02 and HN0 3 are only 200-
4000C. below those with a hydrocarbon fuel and the optimum
performance of the propellant, ClF3/N2H4, has a combustion
temperature of about 35000 K. It will therefore be necessary
to cool motors using N2 H4 as fuel if ndvnntage is to be mnde of
its higher performance. If the oxidant is HN03, the IM03
can be used as the regenerative coolant but, if the oxidnnt
is ClF3 , or even F2 , then it may not be possible to use the
fluorine-containing compound as a coolnnt owing to the very

high reactivity of th-sc compounds. Thus we must consider
the possibility of using anhydrous hydrzin 's r coolant
when the combustion tumpernture is nt least 2800 0 K and may be
35000 K.

The therimal stnbility of hydr-zin(- has n-t been exhaustively
investigotcd up to now but, in the absence of catalysts, it
seems to be rcasonnbly stoblc at least up to 1500C (see section
6). This means that anhydrous hydrzin is considerably more

stable than H.T.P. and H.T.P. hns been successfully used for
the rcgenerntive cooling of r-cket mAors. Thus, the thermal

stability is sufficiLnt to cllDw its use os :- rcgcnerative
coolnnt. The critical pressure is high but this disadvantage
is not important be-cause the vnp)ur pressure is low and there-
for-, if therial decoimpasition con be nvoided, the formation
of bubbles in the cD0ling jacket will not occur at the feed

pressures normally used in r -ckets. Some preliminary results
on the cooling of a rocket mo)tor with 90% Hydrnzine have been

reported (8) for a motor working with the propellant, H.T.P./

nitrome-thane. The hydrnzinc ans used for cooling tlast one

section of the combustion chamber, the combustion temperature

being about 28000 K. according to cDlculiations of Stosick (9).
The total time in contact with a hot surface is smaller than
in the case of complete regenerative cooling and the-heat trnns-

fer is not so great as when the nozzle is also cooled. However,

stable conditions in the c'-lant were obtained up to a measured

bulk temperature of about 1900C in the coolnnt. When the bulk

temperature of the hydrnzine reached 2400 C., there was some
evidence of decomposition as shown by n sudden rise in temper-

nture. It seems therefore that it would be possible to use

/hydrazine
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hydrazine as a regenerative coolant although it is clearly
necessary to carry out calculations on the conditions for
which it can be used, i.e. size of motor as a function of com-
bustion temperature.

The main handicap to the use of hydrazine as an operational
fuel is its high melting point. There are two obvious ways of
lowering the melting point, firstly by adding Hydrazine Hydrate
and secondly, by adding anmonia. These two dilucnts havc one
obvious advantage in that both lead to lower combustion tcmper-
atures. However, hydrazine hydrate is to be preferred because
its density is much higher than that of ammonia, and its vapour
pressure is much lower. Thus, on a volume basis and with ClF 3
as oxidant, the performancf with the fuel, Hydrazine + Hydrazine
Hydrate would lie between 320 and 360 and with the fuel,
Hydrozine Ammonia, between about 300 and 360 as compared
with the figure 280 for the propellant l0 3/n-decane.

Hydrnzinc Hydrate.

The performance of this fuel is lower than that of Ammonip
with both HN03 and ClF 3 on r weight basis, but definitely better
on a volume basis, thus ClF + N2H4 .H20 is better than HN03 +
n-decane and HN0 + N2H4 .H28 is as good as HN03 + n-decane.
This fuel has a definito advanta ge over hydrazino and hydro-
carbons as the combustion temperature is about 5000C. lower.
The use of Hydrazinc hydrate will probably be in lowering the
combustion temperature of propulsive systems and in combdzilation
with anhydrous hydrnzine.

Hydrnzine hydrate was developed in Germany as a fuel,
because it could be used as a self-igniting fuel with H.T.P.
For this purpose, the hydrate (80-92 per cent) could be used,
or a mixture with methyl alcohol and a little water ('C-stoff').
To these mixtures it was necessary to add a trace of a catalyst,
to insure spontaneous ignition with 80 per cent H202. The
usual catalyst was potassium cuprocyanide. C-stoff was used
in the Me.163 fighter plane, and hydrazine hydrate was to be
used as an igniter in the Walter Torpedoes, which were under
development at the cnd of the war. The mixturescontaining
cuprocyanide were not entirely satisfactory, owing to a tendency
for the copper to coie out of solution when the liquid was
stored in metal containers. Ignition delays, in bifucl
systems using H.T.P. with Either hydrazinc hydr.itc or 'C-stoff',
may be as long as 40-50 milliseconds at ordinary tcmperiturcs.
A report from Massachusetts Institute of Technology (29) statcs
that the use of potassium cuprocyanide and sodium nitroprusside.
together will reduce the ignition dclay, with 85 per cent.
hydrazinc hydrate nd H.T.P., to 7 milliseconds at 1000C. and to
13 milliseconds at 0OC. The actual catalyst recipe was 0.20
grams Fe as sodium nitroprussidc, 0.33 grams Cu as cuprous
cyanide, and 0.24 grams K as potassium cyanide, per litre of
hydrazinc hydrate. Anhydrous hydrazine ignites spontaneously with
H.T.P.; with catalysts, the delay can be reduced to about 3 ms.(35).
Azmaonia.

The disadvantages of this fuel are its high-vapour pressure
and low density. The high vapour pressure and the high critical
pressure (111.5 ats.) mean that ammonia would be a bad coolant
owing to the difficulty of avoiding gas formation in the boundary
layer without very high rates of flow or high pressures. On
the other hand, its availability and the low combustion temperature
are attractive, but it is doubtful whether these are sufficient

/to
-6-



to compensate for its high vapour pressure, e.g. a stronger
propellant tank would be required except in the case of small
units, where gas pressure or expulsion charges would be used
for feeding the propellant components, but in such units the
low density would be a great disadvantage.

A possible solution would be the addition of substances
to lower its vapour pressure and raise its density,
Anhydrous Hydrazine is one such possibility but the vapour
pressure data in Table VIII, Appendix 2, shows that it is not
very effective. The alkali and alkaline earth metals are very
soluble in liquid ammonia. The only one which would not lower
the performance appreciably is Lithium, although it would raise
the combustion temperature. Lithium will reduce the vapour
pressure of liquid ammonia to about 1 at. at 700C. but the
vapour pressure is very sensitive to composition. Unfortunately,
solutions of the alkali metals in ammonia are much less dense
than liquid ammonia, thus Li + NH3 has a density of 0.477 at
190C. and there is also a positive heat of solution (about 8 k.
edis/ml) which would lead to a lower performance. A summary of
the properties of Li solutions in liquid NH3 is given in Appendix
III. Certain amines are,slightly soluble also in liq. amnonia
but the addition of carbon containing compounds will render
the fuel useless for the fluorine group of oxidants and will
rob it of its most important advantage i.e. a low combustion
temperature.

This group of fuels has two further important properties.
They are very reactive and thus will form self-igniting com-
tiA4AtiR with HN0 3 (ammonia requires the addition of about 5,j
NpH4 (10)). It is also to be expected that their combustion
efficiency would be high, permitting the use of motors with a
small LH. As they contain no carbon, the exhaust gases from
the combustion chamber would give no smoke and, probably, no
radar attenuation.

Hydrazine as a Monopropellant and Gas Producer.

Anhydrous hydrazine is an endothermic compound and can
therefore be used as a. monopropellant. The Specific Impulse,
when the decomposition is to N2 + H2, is 167 at a combustion
pressure of Pe = 20 ats. Amcrican experience has shown that
decomposition to NH3 by the equation

3 N2 H4 - 4 NH3  + N2

can occur in a rocket motor. In this case the Specific Impulse
is slightly higher. Decomposition cnn be initiated by hot
wire and certnin catalysts have bccn developed (10).

The disadvantage of anhydrous hydrazine as a monopropellont
is its high melting point and there is not sufficient data to
determine how much water can bc added to the system and still
give a reasonable performance. It should be possible to lower
the melting point by the addition of small quantities of other
compounds, e.g. some of the metallic compound hydrides might be
used or even hydrazine nitrate, which would probably lead to a
higher specific impulse.

/5.
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5. GENERAL PHYSICAL AND CHELMICAL t?ROPERTIES.

Amnonia is a colourless gas with a pungent odour, of
density 0.65 tiiAes that of air; it condenses at -33.40C.,
under atmospheric pressure, to a colourless liquid. The
vapour pressure of the liquid is 4.2 atmospheres at 00C. 8.5
atmospheres at 200C, and 25.8 atmospheres at 6000 (1400F);
its density is 0.61 grams per cc at 200C. Ammonia is very
soluble in water, giving an alkaline solution.

Hydrazine is a colourless liquid freezing at + 20C and
boiling at 113.50C. under atmospheric pressure; its density
is 1.01 grams per cc. at 200C. It has a slight odour, fumes
in air, is hygroscopic, and completely miscible with water.
In aqueous solution it behaves as a base, rather weaker than
ammnonia. It forms two sets of salts of the type N21j6H X and
NOH4 .2 HX respectively, but the latter are almost completely
hydrolysed in water. It is a very powerful reducing agent,
being capable, under some conditions, of reducing salts of silver,
gold, copper and mercury to the metals; it reacts violently
with some metallic oxides, as described in Section 7 (ii).
It interacts with numerous orgahic compounds (aldehydes, ketones,
nitro-compounds, etc.).

Though the name "hydrazine hydrate" is given to an equi-
molar mixture of hydrazine and water (64.0 per cent N 2 H4 by
weight), it is not certain whether, in the liquid state, a true
compound N2 H4 .H2 0 exists. If it does so, it must be to some
extent dissociated, since the constant-boiling mixture at
atmospheric pressure is not of exactly equimolar concentration;
according to Lobry de Bruyn and Dito (11), it contains 58.5 moles
per cent. N2 H4. The cryoscopic diagram shows, however, that
the compound N 2H4 .H2 0 exists in the solid state. In the vapour
state, though there is some conflict in the published data, it
is probable that there is no association between hydrnzine and
water.

The equirfolnr mixture, "hydrazine hydrate", melts at -51.5O0C,
and boils at about 1200C. under atmospheric pressure. There
is a eutectic on the water rich side at approximntely 40.5 per
cent NyH4 by weight, -880C. freezing point, and another on the
hydrnz In rich side at 69 per cent N2 H4 , freezing at -53.5OC.
A mixture containing 73 per cent N2 H freezes at -40o0C.
Hydrazine solutions show a tendency to supercool. The density
of the cquimolar mixture is 1.05 at 150C. It is a colourless,
fuming, hygroscopic liquid, with a faint smell like that of
hydrazine.

Hydrazine and amionia form no compound; there is a eutectic
mixture freezing at -80oC., containing 13 per cent N 2H4 by weight.
A mixture containing 51 per cent N 2H4 freezes at -400C.

More information on the physical properties of these com-
pounds is given in the Appendices.

/6.
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6. CHEMICAL STnBILITY.

Amilonia is a stable chemical compound. Hydrazine on the
other hand, is thermodynamically unstable, and its decomposition
is exothennic. Its rate of decomposition is, however, so small
under suitable conditions that storage, even in tropical climates,
may prove not to present a serious problem. The stability on
storage would certainly be much better than that of H.T.P.
Some experimental data pointing to this conclusion may be briefly
reviewed.

(a) Welsh and Broderson (12) stored 50 ml, samples of 99.7
per cent N2 H4 in sealed glass vessels at ordinary temperatures,
for up to two years, without observing appreciable decomposition.

(b) Liquid hydrazine has been heated, in academic laboratory
research, to above'3500 0 under pressure, and a critical temper-
ature of 3800C has been estimated, without any mishap (13).

(c) Workers at California Institute of Technology heated
15 ml. of 95.5 per cent N2H4 in a 22 ml. bomb. They found a
rate of rise off pressure at 320°F (1600C) of 2.5 lb. per square
inch per minute, which corresponds to one per cent decomposition in
3 to 5 hours, depending on the gaseous products. The reaction
appeared to be a surface catalysed vapour phase decomposition (7).

(d) 90-93 per cent hydrazine has been employed, in the Jet
Propulsion Laboratory, California Institute of Technology, as a
coolant for a section of a rocket motor (c.f. Section 0). In
one experiment, the liquid reached 470OF (2430 C). , It was of
course only in the chamber for a short time; on the other hand,
it was in contact with copper, which is said to have some catalytic
action on its decomposition. In other experiments at J.P.L.
explosions occurred at 1500C. It seems that this was due to the
preslC e of iron oxides in the cooling jacket (10),

(e) The M.W. Kellogg Co.(30) heated hydrazine in a stain-
less steel bomb under a nitrogen pressure of about 600 p.s.i.
,t 200C. the decomposition over 23 hours, did not exceed 1.5
per cent per hour. At 255 C., however, one experiment led to
sudden decomposition in 30 minutes and another to violent explosion
in 10 minutes.

Hydrazine in aqueous solution decomposes catalytically in
contact with certain finely divided metals, such as platinum nnd
nickel. In neutral solutions the overall reaction is said to be:-

3 N 2H4 = 4 NH 3 + N2

but in presence of excess alkali some hydrogen is produced as
well. Hydrazine solutions are less stable when excess alkali
is present. It may be worth while to point out that the solid
catalysts which bring about decomposition of hydrozine are not
always the same as those which decompose hydrogen peroxide.
Silver, for example, is an active catalyst for H202, but has been
recommended for construction of apparatus in which hydrazine is
distilled.

Hydrazine solutions are susccptible to oxidation by atmos-
pheric oxygen. The mechnnism is n complex one, hydrogen peroxide
being formed as an intermediate product. Nearly all the work
done on this reaction has becn done on dilute aqueous solutions,
and it is not know how far attack by air could affect concentrated
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hydrazine or its hydrate, stored in bulk. (The liquids should
however, in any case be stored in closed vessels, as they absorb
water and C02). The rate of oxidation, in dilute solution,
is greatly increased by excess of alkali, and also by traces of
copper. Audrieth and 11ohr (15), in a study of the effect of
various substances which form complexes with copper, found that
potassium xanthate was a very good inhibitor, and that thiourea,
sodium sulphide, cyanide, and thiocyanate and other substances
have a considerable effect. The interesting question suggests
itself, whether substances which stabilise hydrogen peroxide
against heavy metal ions (e.g. sodium stannatc and colloidal tin
oxide) will also stabilise hydrazine against either oxidation
or catalytic decomposition. At the moment, however, there is
no clear reason for supposing that either hydrazinc or its
hydrate will require any added stabilisers for storage.

Hydrazine vapour decomposes in contact with a quartz surface
at 250-3000C., and at lower tcmperatures in contact with catalytic
metals such as platinum. The vapour of "hydrazine hydrate"
has also been observed to decompose, under some conditions, in
contact with hot steel turnings (see Section 5(i)). This may,
however, have been due to the prcsente -of iron oxides on the
steel turnings.

7. COMPATIBILITY.

Hydrazine hydrate can be stored, under temperate climatic
conditions, in containers of aluminium, stainless steel, or iron
lined with a suitable plastic (oppanol, a polyisobutylene, was
used in Germany). Mild steel leads to discoloration of the
hydrate, and might lead to catalytic decomposition in time, though
this is not marked at first. Hot hydrazinu hydrate va pour
attacks aluminium and its alloys to some extent, so th-t stain-
less steel will prob-ibly be the best metal for tropical storage
vessels (2). Hot hydr,zinc hydrate slowly 7ttacks gl-ss, but
the cold liquid c:n be kept in clean glass bottles.

Hydrazinc hydratc brought to Britain from Gcrm,ny (65 tons
in March 1947, 11 tons in ,anrch 1948), and stored in horizontal
stainless steel vessels, is still in good condition in June 1949;
thus thu 65 ton samplc when onalysed in March 1947 was 89.9,j
Hydrazine Hydrate --nd 89.6ci.' in Fcbruary 1949; the 11 ton batch
was 85.5/, HydrazinL Hydrate in March 1948 and 85.4, in February
1949.

No full study has bccn mnde of the compatibility of hydrnzinc
hydrate with plastics. As indicated above, at least some
grades of polyisobutyl.nc rry be used. Rubber is att-cked.
Sulphur is dissolved chemically so that compositions containing
it would not be safe. Cork is also attacked.

Little can be said at the moment about suitable storage
vessels for anhydrous hydrazine, or its mixtures with ammonia,
or for ternary mixtures of hydrazinc, water and ammonia.
The hydrazine-water mixture which freezes at -400C., which may
prove most suitable for Service use, will probmbly bLhave very
much as does hydrazine hydrate; but experimental confirmation
of this will have to bc obtained. The Kellogg Co. (New Jersey)
recommend standard stainless steels for storage of anhydrous
hydrozine, and state that most plastics and synthetic rubbers
can be used with it (30).

/8.Hozards.
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8. HAZARDS.

i) Explosion Risks.

Ammonia presents no problem, apart from the possibility
of pressure bursts in faulty containers. The vapour pressure
of anhydrous NH 3 reaches 26 atmospheres at 600C. (140 0F).

Hydrazine Hydrate.

This substance does not appear to be detonable in the
liquid state (16). The vapour, which is probably fully dis-
sociated into N 2H4 and H20 (17), will explode when mixed with
air in a proportion of 25 per cent. or more N 2H60, according
to German information (2). Any apparatus or plant in which
hydrazine hydrate above 50 per cent concentration is distilled,
even at low pressure, should be filled with nitrogen.

The hot vapour of hydrazine hydrate, even in absence of
air, may explode if a catalytic surface is present. At
Gersthofen, the final fractionating column, in which the hydrate
was concentrated from 50 to 80-90 per cent N2H60, was at one
time packed with clcaned turnings of austenitic stainless steel
(V.2.A). A mild explosion occurred, however, which damaged
the column, in spite of the fact that it had been filled with
nitrogen. Laboratory tests were made, in which hydrozinc
hydrate vapour was passed over steel turnings, and it was found
that occasional isolated spots glowed red-hot, causing decom-
position of thL vapour to N2, NH , and possibly H2. After this
observation, the top half only of the final column was p7ckcd
with turnings; the bottom half, which was in cont.ct with the
more concentrated vnpour, was fitted with bell-plrtcs of stain-
less stucl, in order to avoid exposing n large surface or any
sharp points or corners. No further explosions occurred during
a few months' running, but whether the dnnger should be regnrded
as entirely eliminnted is perhaps open to question (2). It has
been recently reported that the 14cstcrn Cnrtridge Co.(U.S.) has
had an explosion in a distillation column while concentrating
hydrozine hydrate.

Hydra zinc.

An exomination has been made of n sample of 92 per cent
material (i.e. 92 per cent N2H4, 8 per cent H20), in the Sensit-
ivity Section of E.R.D.E. It was found that there was practically
no sensitiveness to impact or friction, and the lend block
pneI was very low. It may be added that a good deal of
academic research on anhydrous hydrnzinc is reported in the
literature, including experiments in which the substance was
heated to 3500 C. or above; and no specially explosive tendency
hos been reported.

The Bureau of Mines (U.S.A.) have been able to find no
evidence of propagation of detonation in 9&t N2 H4 in steel tubes
of 7/8" diameter, but measurements on the ballistic mortar have
given powers of 135 (T.N.T. = 100). No such effects were
observed with 85 N 2H4.H 0. Sensitivity to imp 'ct -nd to friction
was zero both for 98 N2 4 and 85; N2H4.H20 (16). Confirmatory
evidence is available from 1.W. Kellogg Co.(30).

It scLms probable that the vapour of hydrnzinc may txplode
if locally overheated or brought into contact with hot cntalytic
surfaces. In addition, the vnpour would of course explode if
mixed with air and ignited. The vapour of both the hydrate and

/anhydrous
- 11 -



anhydrous hydrazine can be ignited by a spark at a pressure
of 200 mm.. (16). Metallic sodium dissolves in anhydrous
hydrazine to give a solution in which, by a slow chemical
reaction, a sodium derivative said to be sodium hydrazide,
NaHN.NH2, is formed. This substance is exceedingly sensitive
to detonation by shock. The same product is formed when
sodamide reacts with hydrazine (18), and for this reason soda-
mide cannot be recommended as a dehydrating agent for hydrazine
hydrate. It is less likely that the material would be formed
from caustic alkalisand hydrazinc, especially if the hydrazine
was not completely dehydrated, but in nnyvcase hydrnzinc is
said to be particularly unstable in presence of alkalis, so
that the safety of the usual processes for dehydrating the hydrate
requires investigation.

It must also be borne in mind that the oxidation of hydra-
zine under some conditions leads to the formation of hydrazoic
acid or azides. Hence, any solid deposits, or sludges, observed
in vessels in which hydrazine or its solutions have been in
contact with metals, should be handled with caution.

(ii) Fire Risk.

Amionia gives rise to no fire risk in air, although it will
burn in oxygen. Liquid hydrizinc hydrate does not ignite in
air, though the vnpour, as ,ilr(ady muntiontd, may explode in air
under some conditions (2). At ambient temperatures the v-pour
pressure of hydrnzine hydrate is not sufficient for this to occur.

Anhydrous hydrazine, however, is very inflammnble. It has
also been observed in E.R.D.E. that it will ignite spontaneously
if dropped on to a numb.r of oxides. Immediate or nlmost
immediate ignition occurred when a single drop of hydrazine (92
per cent) fell on to cupric oxide, manganese dioxide, silver
oxide, or mercuric oxide; there w.as a slightly delayed ignition
with ferric oxide. On the other hand the oxides PbO, ZnO, MgO,
A1 2 03 , CaO, and BaO semed to have no action. In some cases,
with the oxides which caused ignition, two stages could be
distinctly seen: first thk oxide in contract with the hydrazin,
glowed red-hot (presumably owing to its rapid reduction): then
the excess hydrazinc ignited in the air. This clearly indicates
a possible danger that if hydrazine, even in absence of nir,
comes in contact with small quantities of such oxides, a "hot spot"
may develop from which an exothermic decomposition may spread.
Similar results with ferric oxide have been observed by the
Bureau of Mines (16).

Thin films of anhydrous hydrazinc, exposed to the air (e.g.
on rags) may ignite spontaneously after a delay, especially if
exposed to sunlight (30).

The U.S. Bureau of Mines (16) give the minimum concentration
of hydrrzine vapour which will ignite in air as 4.67 per cent.
(There is no upper limit, because pure hydrazinc vapour will
propagate a flame). In nitrogen, the lower limit is given as
38 per cent N2 H4 .

(iii) Toxicity.

Ammnon ia.

The hazard from this substnnce is well known. It has a very
pungent smell, and irritates the upper respiratory tract ?nd the
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eyes. Owing to the strength of the smell, the presence of
ammonia in the air can be detected at concentrations too low to
be dangerous; the chief risk is that of sudden bursts, leaks,
or spillages which cause an immediate high concentration
locally. Under such circumstances, workers may be overcome;
or secondary accidents may occur as temporarily blinded persons
try to escape from the locality. Delayed death from oedema
of the lungs, or bronchijis or pneumonia may follow. Other
symptoms which have been observed are restlessness, vertigo,
gastric pain, nausea, and disturbance of the bladder function.
Contact of ammonia with the cornea of the eye may lead to
serious or permanent damage (19). Gas masks containing acti-
vated carbon impregnated with copper sulphate give protection
from ammonia.

The following table, taken from Jacobs' Analytical Chemistry
of Industrial Poisons, Hazards and Solvents, gives an indication
of the concentrations of ammonia gas in air which give rise to
various degrees of danger.

Maximum concentration tolerable
for several hours without
serious disturbance. 0.01 per cent by volume.
Concentration dangerous in
30-60 minutes. 0.25-0.45 " "

Concentration lethal in a
few minutes. 0.5 -1.0
Minimum concentration detect-
able by odour. 0.0053 " " "

These figures should not, perhaps, be accepted as established
beyond all doubt. The authors of a very recent paper (20)
conclude that "the present accepted limit of 100 p.p.m. is
probably safe but needs re-examination."

It may be added that as ammonia is lighter than air it is
very non-persistent.

Men working in a high concentration of the gas, protected
by masks, may experience some soreness of the skin in moist areas
(e.g. groin or armpits). This is probably due to the alkalinity
of ammonia solution.

Hydrazinc and Hydrazine Hydrate.

Since hydrazinc immediately forms its hydrate on contact with
water in the liquid phase, the two may be considered together
for most purposes. Some further work is needed to give a
complete picture of the poisonous properties of these substances.
The information available at present is summarised below.

Hydrazine sulphate, administered by subcutaneous injection,
is fatal to mammals in doses of about 0.1 grams per kilogram body
weight. It has a very specific action on the liver, causing a
kind of "fatty degeneration" of that organ, due to attack on the
parenchymatous cells. The blood sugar falls; bile pigments and
protein may occur in the urine, but sugar does not. The recovery
of the liver, with sub-lethal doses, is said to be remarkably
rapid and complete (21). The actual symptoms observed are first
restlessness and voriting, then (in fatal cases) depression, fall
in pulse rate, respiratory difficulty, and finally coma and death.
If the blood-sugar content falls very low convulsions may occur
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before the end. The whole process takes a very few days
(22,31). In non-fatal cases there may be considerable
emaciation.

Izume and Lewis (23) have observed that hydrazine hydrate,
acetate, and sulphate have similar effects upon rabbits in
equivalent amounts, and they conclude that the anion is not
involved. Bodansky, however, (14) suggests that the free base
is less specific in its action than the sulphate; he found
damage to the kidneys of a dog as well as to the liver. In one
of Izume and Lewis' experiments, a rabbit was injected with
100 mg. per Kg. hydrazine hydrate; depression was noticed very
soon, and convulsions, followed rapidly by death, took place in
a little under 2 hours. The blood sugar content had fnllcn
from 0.111 to 0.057bper cent. The Merck Index (5th edition,
U.S.A., 1940) describes the following effects when rzbbits were
injected subcutaneously with 0.2 to o.3 g.per Kg. hydr: zinc
hydrate: "trembling, muscular paralysis, rapid respiration,
clonic spasms, paralysis and death, usually within two hours".
The dose here quoted is much larger than the minimum fltnl dose,
which is about 30 mg. of N2 H4 , or 50 mg. of N2 H4 .H 20 per Kg.

is required
il fuller study/of the effects of hydrazine vnpour, and of

the effects of chronic exposure to vapour, droplcts or splashes.
It is not quite clear whether hydrazine, if inhaled, could
react with haemoglobin sufficiently rapidly to act as a blood-
poison. The evidence available at present regarding the toxic
effects of chronic exposure to hydrnzine is a little conflicting,
possibly owing to the differing susceptibility of different
individuals. (It is likely, inter-alia, that vitamin C
deficiency will cnuse increased susceptibility). The fact that
hydrazine and its hydrate have only a slight smell tends to
enhance the danger, though this is to some extent offset by the
fact that both liquids fume visibly in oir. The avnilnble
data may be briefly summarised:

(i) Effect on the Eyes.

According to the chemist in charge of the Gersthofen factory,
some workers who had been exposed to fumes or droplets of hydrnzine
hydrate suffered from an irritation of the eyes which might not
be noticed for as much as ten hours afterwards. The cornea and
eyelids became inflamed and discharged pus, and temporary blind-
ness for two or three days might occur. Recovery was said to be
complete in a matter of weeks.

Tests were made at C.D.E.S., Porton, in which 30 per cent
solutions of hydrazine hydrate, in water and methyl alcohol
respectively, were instilled into a rabbit's eye on 14 days out
of 16. Only a slight superficial inflammation resulted, which
cleared up spontaqneously within n fLw days of the final instill-
ation (24).

(ii) Skin Irritnncy.

Apparently no trouble of this kind was met with at Gersthofen
but at Pennemunde it was noticed that a small proportion of workers
(estimated roughly as 3 in 50) were unusually susceptible-and
suffered inflammation. (Thcse workers had been handling mixtures
containing hydrazine hydrate, ethyl alcohol, and traces of
potassium cuprocyanide). There was also a tendency for cuts
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already present to become septic (25). Some workers of
R.A.E., Farnborough, who handled "C-stoff" (mixture of
hydrazine hydrate, methanol, water, and trace of cuprocyanide)
experienced a mild inflammation of the hands and fore-arms
(24).

A series of tests was made by C.D.E.S., Porton, with 30
per cent solutions of hydrazine hydrate in water and methanol.
It was found that repeated application of the liquid to the
skin for a fortnight would produce a mild to moderate inflammation
which afterwards cleared up quickly. No subject tested was
immune, though some suffered worse inflammation than others.
In the worst cases, there was severe itching, which could be
treated with lotions such as calamine lotion. There was no true
sensitisation dermatitis. Previous application of vaseline
or lanoline gave some degree of protection (24).

The M.W. Kellogg Co. (New Jersey), after handling anhydrous
hydrazine for ab ut a year and a half, have reported that no
serious toxic effects were observed. Persons whose hands had
been wetted with the liquid suffered no ill-effect if it was
immediately washed off. One man whose face was sprayed with
the liquid developed small white blisters, in spite of inmncdiate
washing; these disappeared after two days with application of
vaseline. Minor irritation of mucous tissues, and headaches,
were sometimes noticed (30).

(iii) Guneral Systemic effects.

Workers who hove been exposed to vapour, droplets, or un-
noticed splashes on the skin have complained of various symptoms,
including headaches, minor stomach troubles, diarrhoea, restless-
ncss, and loss of power of concentration (25,26,30).

From general experience it would seem that the effects of
continued exposure to hydrnzine and its hydrate can be avoided
by straightforward precautions, including good ventilation, use
of protective clothing (especially rubber gloves). The gas
masks used for ammonia will give protection from hydrazine,
though it may be necessary to add a cloth filter to stop droplets.
Extra milk, and extra vitamin C in some form, may be helpful to
workers. Injections of calcium were prescribed in Gemany for
persons showing symptoms of poisoning.

9. DISCUSSION AND CONCLUSIONS.

Ammonia, by far the most available of the three compounds
under discussion, has the following advantagesover a hydrocarbon
fuel;

a3 a lower combustion temperature
b a slightly higher performance with liquid oxygen

(although a slightly lower one with Nitric Acid)
and c) possibly a better combustion efficiency.

The disadvantages are its low density and high vapour pressure.
In attempting to remove these disabilities by the addition of
other compounds to liquid ammonia it is essential that the amount
of additive should be small as otherwise the other advantages
will be removed. It is therefore unlikely that the dcnsity con
be greatly increased in practice. A mixture of liq.NH 3 and
anhydrous N 2H4 (Table VIII Appendix II) is also not very useful
owing to the small soubii- of NH 3 in N 2H4 at reasonable pressures.
The vnpour pressure of liquid ammonia con be very greatly reduced
by the addition of about llcJ Lithium but, apart from the question
o the stability of thcse solutions, the density is also greatly
reduced. It therefore scEms that, on balance, there is no
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advantage in using liq.UH3 as a fuel except possibly in small
uncooled motors where the high vapour pressure is not too
serious a disadvantage.

Hydrazine Hydrate can meet the climatic storage require-
ments, has about the same performance as a hydrocarbon, and
gives a relatively low combustion temperature for about the
same performance as a hydrocarbon. Thus it has the advantages
of liquid ammonia without the disadvantages.

The main disadvantage of anhydrous hydrazine is its high
melting point, and it may well be possible to overcome this.
An addition of 26% H2 0 is required to lower the setting point
to -400C., but it is possible that other additives, in smaller
quantity, may achieve this tcmperature. Recently the Acrojt
Engineering Corporation have shown (33) that both sodium and
lithium borohydride are soluble in hydrizinc. The sodium
salt is more soluble (20.2,1 by weight) but only reduces the
freezing point to -260C.., whereas 12.4,, of the lithium salt
reduces the freezing point to -44.5oC. Apart from nvailability
the lithium salt would be preferred because of the low molecular
weight of lithium. However, it is also understood that with
Boron compounds there is always difficulty because of the de-
position of the glassy oxide on the walls of the combustion
chamber and vcnturi. If the Services would consider a higher
low temperature limit for special purpose weapons, then Hydrazine
with l0-20 water would be a practicable fuel, both on perform-
ance and probable case of manufacture.

The main conclusions are :-

i) liquid ammonia does not merit further consideration
either alone or in combination with hydrazine, except
possibly as a cheap fucl for uncooled rockets.

ii) more information on stability, toxicity, storage and
stability of the system hydrazine/water with less
than 36% water is necessary. In particular methods
of reducing the melting point of N2 H4 with additives
other than water should be found, e.g. amines,
inorganic amides, complex metallic hydrides, etc.
This is of particular importance in view of the
possible use of ClF 3 as an oxidant.

/10. Bibliogrphy.
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performance of ., wiH. 20 ad N?. th various oxidants

TABLEo I

Ferformance of oxidants 100 %j qN with various fuels at Pc = 20 ats.

(a) Fuel = n-Decane.

Wt. Ratio Tc.CK) y s..(eo s.OI. .x6

2.56 2000 1.283 198.4 231
3.04 2400 1.255 210.6 252
3.70 2800 1.230 219.3 271
4.12 2950 1.221 221.2 278
6.25 2950 1.210 210.3 278

7.44 280o 1.211 202.2 272
9.94 2400 1.223 184.2 255

12.69 2000 1.241 166.4 234

(b) F.el = N .HZG

Wt. Ratic T (K) y S.I. I.

.68o4 2000 1•2538 202.9 240

.7976 2200 1.24.11 209.0 251

.9425 2400 1.2291 213.9 261
1. 0811 2400 1.2280 210.9 261
1.386 2200 1. 2309 197.7 251
1.7514 2000 1.2470 184.8 240

Wt. Ratio °) .... y .. S.I. S.I. X .

.1071 2000 1.2632 207.7 195

.1209 2200 1.2496 213.4 206

.1363 2400 1.2373 218.3 216

.2009 2400 1.23 24 206.8 223

.2402 2200 1.2410 194.3 218

.2833 2000 1.2505 182.2 211

(d) Fue =N1t,

Wt. Ratio T_(K) I.1_ s.. X.

.1285 2000 1.2987 223.2 254
j1961 2400 1.2695 233.1 275
.2910 2800 1.2429 238.6 293
.5125 2800 1.2315 222.1 289
.7619 2400 1.2428 198.2 267

1.0159 2000 1.2588 176.7 244

/Table II
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TABLE II

2erformance of oxidant, CIF,, with various fuels at Pc = 20 ats.

(a) Fue1= NZTHj

W.Ratio To( 0 S. I. S.I. X

.4832 .5225 2000 1.3387 1.3386 223.8 221.7 264 264

.7082 .7603 2400 1.3253 1.3252 234.9 233.7 290 290

.9837 1.0711 2800 1.3147 1.3144 243.5 240.2 314 314
1.1697 1.2728 3000 1.3111 1.3107 246.2 242.8 326 325
1.3924 1.5167 3200 1.3086 1.3081 248.3 244.7 337 336
1.6749 1.8356 3400 1.3076 1.3o69 249.6 245.7 348 347
2.0205 2.2311 3600 1.3080 1.3071 250.5 246.2 358 357

(i) - AHf (OlF3 ) = 30 k.cals./mol. (ii) - AHf (CIF3) = 42 k.cals./mol.

(b) Fuel = liq. H

Wt. Ratic TcC) Y S. I. S.I.X 8

i ii i ii i ii i ii

1.4224 1.5383 2000 1.3397 1.3396 208.9 205.8 296 207
1.7351 1.8753 2400 1.3255 1.3253 221.5 218.1 230 2312
2.1528 2.3201 2800 1.3139 1.5135 231.2 227.4 254 255
2.3870 2.6076 3000 1.3099 1.3093 235.1 231.0 266 268
2.7044 2.9674 3200 1.3071 1.3065 238.1 233.8 278 28o
3.1147 3.4335 3400 1.3060 1.3056 240.3 25.9 291 293

(i) - 1Hf (ClF3) = 30 k.cals./mol. (ii) - AHf(ClF7) = 42 k.cals./mol.

Wt. Ratio To Cy S. I. S.I. X

.6521 2000 1.3030 204.17 253.0

.8704 2400 1.2901 216.65 278.6
1.1513 2800 1.2813 226.25 302.27
1.3478 3000 1.2793 229.75 313.6
1.4793 3100 1. 2796 231 319.5

The calculations on ClF have been carried out: (a) with two possible
heats of formation which are the limits of uncertainty in this property,
(b) the dissociation of BF has been neglected but this introduces a
negligible error and (c) no calculations of system in which free
fluorine can be formed, i.e. oxidant rich systems, have been made owing
to the great uncertainty of the thermodynamic properties of Fluorine
(c.f. E.R.D.E. Tech. Memo. No.6,/q/49)
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TABE III

rerformance of' oxidant, iqq2, ywit various fuels at Pc = 20 ats.

(a) ';

Wt.- Ratio To( CKj~ y S . . S.J.'z 8

.249 19o6 1.309 236.5 245

.333 2272 1.286 246.o 256

.399 2576 1.270 252.5 264

.665 3083 1.240 264 279
1.000 3500 1.228 257 276

(b) liq.I 3

Wt. Ratio q(CA) .. . -8) s.. . .

.704 1840 1.283 219 202

.94 2361 1.243 242 229
1.13 2806 1.200 251.6 242

(c) Aviation oGasoline (Density 0.720 gm./cc. at 10C)

Wt. Ratio To(.) (s.cs.) S.I. xT

1.5 1817 1.285 200.4 190
2.0 2861 1.235 235.7 226
3.0 3383 1.212 237.8 237
3.5 3406 1.211 233.9 236
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AFMI_NDIX II

P h,ica Pr.oprtios . nia, Hyraine a A Hydrateou&s Hy azine

TABLE IV

C_,ari son of Most IMportat Physical Proertis "

Property NH 2 4 H0NZHi

B%'iling Point I C.) -33.5 118.5/740 mm.Hg. 113 to 113.5
Melting Point 0C. -77.7 -51.P +2 to +14
Density (gr./cc.) o.616/16.50C. 1.0305/21 c. 1.013/15 8.
Critical Temp.( C.) 132.4 - 380
Critical Pressure ll1.5 - 145

(ats.)
Heat of FQrmation -15.84 (liquid) -58.05 +12.05

(300'K) -10.94 (gas)

TABLE V

PI~rica JPycrie_of Li(1qui Gaseous Amenia

(a) vapo.ur pro sure Of 1iquid ammonia

T°C. -6o -30 0 30 60 80 100 120
P(ats. ) .216 1.179 4.238 11.512 25,797 40.902 61.816 89.802

(b) p ensit y o.l,id ammonia

T C -70 -50 -30 -10 C +20
Density (gr./cc.) 0.725 .705 .677 .652 .638 .610

TANZ VI

P'Vsical Properties of Anbydrous Hydrazine

(a) Vapour pressure

T C 0 20 .40 6o 140 170 200 300 38c
P (ats.) .0035 .0139 .0445 .122 2.27 5.0 10.0 56.5 145

0') enpslity.

T C) 0 20 50
Density gr./cc.) 1.0253 1.0083 0.9828

Those figures arc calculated from the equation

d = 1.0253 (1- 0.00085 t) (t = dog.c.)

(o) J Acific Heat of Hydrazino

0.75 calories per gram. per 00 (30)

,,Table VII
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TABLE VII

P'I.si.cal Properties of IVydrazine-Iater Mixtures

(a) Vapour Pressure of HYdrazine H,Vdrate (28)

T0C. 40 60 80 100 119
P (mm.Hg.) 20 55 135 325 760

These figures have been obtained from a curve in Ref. 28.

(b) Density of System-flydrazine/Water at 150 C Ref. 1)

Wt. per cent of N2H4  0.0 14.0 26.45- 40.85 64.1 80 100
Density (gr./oc.) 0.9991 1.0142 1.0272 1.0389 1.0470 1.0379 1.0114

(c) Freezing Point of Sstem i- Ijd i -/ater

Wt. per cent N2H4 0 20 40.5(i) 50 60(ii)64($fj) Gg(i) 7 0 809090 -100
Too* -8 ';22 -88 -65 -32-5 -5451 -53-5 " 5-'-9 2

(d) €o mTosition of Ternery Mixtures containing NaOH (4)

Certain of these mixtures, at temperatures above 600C. form a two
phase system. No similar effect is found with KOH, K2CO3, Na2003
Na3PO4 or Na2SO4 . The table gives some actually observea compositionr.

Wt. per cent
T&terial N2H4  N a)H

100 Upper Phase 92.7 2.4
90 " 92.2 2.0
70 " 90.9 3.2
6o 77.5 9.3

100 Lower Phase 5.7 70.3
90 5.9 69.3
70 6.7 67.6
60 19.0 51.4

100 Plait Point 45.9 27.9
90 " 45.6 28.2
70 45.4 28.5
6o " 45.5 29.6

(o Specific Heat of Hydrazino Hydrato: 0.78 calories per gram per 0C. (30)

-- Ta VIII
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TABLE VIII

Vapour Prossuros of Saturatd Solutions of N2H4 in liquid I3IH
(in equilibrium with solid N;-) (Mollor "Comprchensive

Troatiso" VIII p.315)

Wt. per p!ent NpH4 pc:mH.

-80 (autoti) 13 40
-70 19.5 78
-60 29.1 145
-50 39.7 252
-40 51.0 395
-3o 63.8 562
-20 76.o 675
-10 87.6 620
-5 92.6 470

98.0 175
98.6 105
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APET.DIX III

The 1-roportios of_Sclutions of Lithium in Liquid A=mnia

The alkali metals have a high solubility in liquid ammonia but, dn
account of the importance of tho molecular wcight of combustion products, only
the systm with Lithium metal can be considered as a fuel for rocket propulsion.
It would suffer from the disadvantage of being highly attenuating. The
alkaline earth metals form solutions of the compound M. (NH3) 6, except Mg.
which is insoluble. Aluminium is also insoluble and this fact, in conjunction
with the insolubility of Mg. makes it almost certain that Be would be
insoluble. The only practicable systom, N + metal, is therefore Lithium +
NH3 . Johnson and Piskur (J.Phys.hem. XXI p.93 (1933)) give the following
figures for the vapour pressure of NH3 over saturated solutions of Li in
liq. NH5.

T°o- _2or Possur o/ . L

0 34.0 3.60 11.32
-32.7 3.4 3.74 10.90
-33.2 3.4 3.75 10,89
-63.5 1.1 3.81 10.70

From this it can be seen that the solubility of Li in liquid ammonia is
only slightly dependent on the temperature and that the Li reduces the
vapour pressure of liquid ammonia by a factor of about 20.

Ruff & ZodnQr (Beridteo 41 p. 1948 (1908)) give the following figures
for the boiling points and setting points of solutions of Li in liquid

pr Tce nt Li Boiling Point Atom per cent Li Setting Point

2.31 -33.1 0 -76
3.17 -33.0 6.8 -77
5.74 -32.7 9- 9 -77.5
8.72 -31.7 15.6 -79
11.28 -29.8 22.9 No solidification

down to temp. of
11.83 -29.5 liquid .air
16.04 -19.4
25.5 (saturated) +63

(11.7 % -.wt.)

Jaffe (Zoit. f. physic 93 p6741 1935)) showed that the setting point of the
saturated solution was f81 :L 3 C.

The heat of solution of Li in liquid ammonia is slightly exothermic,
Kraus and Schmidt (J.A.C.S. 56 p. 2297 (1934)) stating a value of 8.0
kilocalories per mel.

Thus, as far Es vapour pressure and solubility are concerned, solutions
of Li in liq. NH5 are very attractive as fuels. The slight loss of energy
in forming the solution is not important and in any case would be more
than compensated by heat of formation of Li 2 0 formed during the combustion
of the fuel. Hovever, there are two disadvantages. The first, that of
chemical instability, may or may not be insuperable. The various authors
referred to mention the necessity for pumping off hydrogen which is formed
on solution but give no information as to whether hydrogen is evolved
subsequently. Schechter, Thomson & Kleinberg (J.A.C.S. 71 (1949) p.1816 )

/,give
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give experimental data on the oxidation of Na in liq°KH to thc amide
or the oxide, depending on the experimental conditions 6y gaseous oxygen.
Similar oxidation may also occur with Li, solutions. This is not an
insurmountable difficulty but does add to the handling problems.

Finally it should be mentioned that the Acre jet Engineering
Corporation (33) have found that in solutions of Li in liq.i the
metal amido is formed quite fast at 00C. and observably at -79.50C.

An even more serious objection, is the extremely lov density of
solutions in liquid ammonia. Jaffo (loc.cit.) gives the following
figures for the density of the saturated solution:-

at +190 C. d = 0.477 t 0.006 gr./cc.
at -80C. d =0.495 - .006 " "

The dcZaity is thus much lower than that of liquid DTH3 (0.610 gr./cc at 20cC.)
-which virtually rules out the use of this fuel for the majority of weapons.

It might be possible to reduce the vapour pressure by the addition
of salts such as LiA.LH4*'. This salt reacts, according to information
quoted in "Preliminary Data Shoot No.4 (dated 1.5.49) of 1iiotal Wydridcs
Incorporated", as follo;is:-

2 LiA1H 4 + 5NE 5 - (LiAlH(NH 2 ) 2 ) 2 NH+ 6H2

If the product is stable and only small quantities arc required it might
be worth while doing a little vork on this system and possibly with
LiAlH 4 or a similar salt in anhydrous Hydrazine.

It is shovm in Ref. 33 that both Lithium and Sodium Borohydride are
soluble inoliquid ammonia. The minimu-ja freezing point with the first
salt is +8 c. but a 50% solution of the sodium salt has a freezing
point -26°C. and a vapour pressure of about 1 at.. The density of this
solution is believed to be beteon 0.7 - 0.8 gr./cc. a-nd its cost per
lb. would probably be higher than that of anhydrous hydrazino. It,
therefore, seems more reasonable to concentrate on hydrazine vhere
difficulties due to the deposition of oxide (i.e. B203) do not occur.
It should also be stressed that the stability of the solutions of those
borohydrides in NH3 and N2H4 does not seem to have been investigated.
A summary of the properties of a:nids and siailor compounds and the
properties of solution of metals and salts in liquid a-mionia is given
in Ref. 34.

S. No. 100
M.NO.405,"49
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